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Abstract 

Background: The IFN-a-inducible restriction factor MxB blocl<s HiV-1 infection after reverse transcription but prior 
to integration. Genetic evidence suggested that capsid is the viral determinant for restriction by MxB. This work 
explores the ability of MxB to bind to the HIV-1 core, and the role of capsid-binding in restriction. 

Results: We showed that MxB binds to the HIV-1 core and that this interaction leads to inhibition of the uncoating 
process of HIV-1. These results identify MxB as an endogenously expressed protein with the ability to inhibit HIV-1 
uncoating. In addition, we found that a benzimidazole-based compound known to have a binding pocket on the 
surface of the HIV-1 capsid prevents the binding of MxB to capsid. The use of this small-molecule identified the 
MxB binding region on the surface of the HIV-1 core. Domain mapping experiments revealed the following 
requirements for restriction: 1) MxB binding to the HIV-1 capsid, which requires the 20 N-terminal amino acids, 
and 2) oligomerization of MxB, which is mediated by the C-terminal domain provides the avidity for the interaction 
of MxB with the HIV-1 core. 

Conclusions: Overall our work establishes that MxB binds to the HIV-1 core and inhibits the uncoating process of 
HIV-1. Moreover, we demonstrated that HIV-1 restriction by MxB requires capsid binding and oligomerization. 
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Background 

The myxovirus resistance proteins (Mxs) represent a 
family of interferon-inducible factors with a wide range 
of antiviral activities [1,2]. The MxB gene was originally 
cloned from a human glioblastoma cell line treated with 
interferon-a (IFN-a) [3,4]. MxB as well as the related 
protein MxA belongs to the dynamin-like family of pro- 
teins, which have diverse functions ranging from vesicle 
transport to antiviral activity [1,5-10]. The most studied 
dynamin-like protein that exhibits antiviral activity is 
MxA [1,2]. Contrary to MxB, the antiviral role of MxA 
has been extensively studied for viruses including influ- 
enza [1,11-14], tick-born Thogoto [15], African swine 
fever [16], hepatitis B [17], and La Crosse [18,19]. Only 
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recently the antiviral activity of the long form of MxB 
was described [8,20-22]; these investigations lead to the 
discovery that the IFN-a-inducible protein MxB blocks 
HIV-1 infection. 

Genetic evidence suggested that HIV-1 capsid is the 
determinant for the ability of MxB to block HIV-1 infec- 
tion [8,21,22]. HIV-1 viruses bearing capsid changes 
such as P90A, G89V and N57S escape MxB restriction 
suggesting that capsid is the determinant for the block 
imposed by MxB. These experiments imply that MxB is 
directly interacting with the HIV-1 core early during in- 
fection. However, the ability of MxB to associate with 
HIV-1 cores has not been explored. 

MxB blocks HIV-1 infection after the occurrence of 
reverse transcription but before integration [8,21,22]. 
This evidence suggested that MxB might be interfering 
with one or more of the following processes: 1) HIV-1 
uncoating, 2) nuclear import of the HIV-1 pre-integration 
complex, or 3) nuclear maturation of the pre-integration 
complex. However, the mechanism by which MxB inter- 
feres with early steps of HIV-1 infection is not understood. 
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This work explores the ability of MxB to bind to the 
HIV-1 core in vitro and during infection. We showed that 
MxB interacts with in vitro assembled HIV-1 capsid- 
nucleocapsid (CA-NC) complexes, which recapitulate the 
surface of the HIV-1 core. In agreement, we found that 
MxB associates with HIV-1 cores during infection using 
the fate of the capsid assay. Remarkably, the binding of 
MxB to the HIV-1 core inhibits the uncoating process of 
HIV-1 defining MxB as an endogenously expressed 
protein that prevents HIV-1 uncoating. To find small- 
molecule inhibitors that prevent the binding of MxB to 
the HIV-1 core, we screened a battery of structurally well- 
known HIV-1 capsid inhibitors for their ability to prevent 
the binding of MxB to the HIV-1 core. Interestingly, a 
benzimidazole-based compound known to have a binding 
pocket on the surface of the HIV-1 capsid prevents the 
binding of MxB to the capsid. These experiments suggested 
an overlap between the capsid binding sites for MxB and 
the benzimidazole-based compound. Assaying the contri- 
bution of the different MxB protein domains to capsid 
binding and restriction revealed that the 20 N-terminal 
amino acids are responsible for the ability of MxB to bind 
to the HIV-1 core. In addition, we provide evidence that 
the C-terminal leucine zipper domain of MxB provides 
the necessary avidity for the interaction of MxB with the 
HIV-1 core. Overall, our studies showed that MxB binds 
to the HIV-1 core and inhibits the uncoating process of 
HIV-1 leading to an infection block. 

Results 

MxB binds in vitro assembled HIV-1 CA-NC complexes 

To test the ability of MxB to restrict HIV-1 infection, we 
stably expressed FLAG-tagged MxB in human HeLa, hu- 
man U937 and dog Cf2Th cells using the LPCX vector 
system and tested for the ability of these cells to restrict 
HIV-1 and other retroviruses (Additional file lA, B and C), 
as described [23]. In agreement with recent publications 
[8,20-22], the long form of MxB potently blocks HIV-1 in- 
fection in all tested cell lines. Because the use of HIV-1 vi- 
ruses bearing capsid changes suggested that the HIV-1 
capsid is the determinant for MxB restriction, we exam- 
ined the ability of MxB to associate with the HIV-1 core. 
For this purpose, we tested the ability of MxB to bind 
in vitro assembled HIV-1 capsid-nucleocapsid (CA-NC) 
complexes, as described [24-26]. In vitro assembled HIV-1 
CA-NC complexes recapitulate the surface of the HIV-1 
core, and are an established model to evaluate the abil- 
ity of cellular factors to interact with the HIV-1 core 
[25,27-29]. As shown in Figure lA, MxB binds to in vitro 
assembled HIV-1 CA-NC complexes in a similar manner 
when compared to the HIV-1 capsid interacting molecule 
rhesus TRIM5a (TRIMSa^h) [25,29]. Stable expression 
of MxB or TRIM5arh potently blocked HIV-1 infec- 
tion (Additional file 2A). 



To further test the role of MxB binding to HIV-1 cap- 
sid in restriction, we tested the ability of MxB to bind 
in vitro assembled HIV-1 CA-NC complexes bearing the 
capsid changes P90A, G89V or N57S, which when incor- 
porated into the virus allow HIV-1 to partially escape 
MxB restriction [8,21,22]. As shown in Figure IB, MxB 
binds to in vitro assembled HIV-1 CA-NC complexes 
bearing the capsid change P90A, suggesting that binding 
is necessary but not sufficient for restriction. Interest- 
ingly, MxB bound less to in vitro assembled HIV-1 CA- 
NC complexes bearing changes G89V and N57S when 
compared to wild type complexes (Figure IB). As previously 
shown, HIV-1 bearing the capsid change P90A, G89V or 
N57S partially escaped MxB restriction (Additional file 2B). 
Notwithstanding HIV-1 viruses bearing the capsid change 
P90A, G89V or N57S partially escape MxB restriction, we 
found that P90A is the only capsid change that did not re- 
sult in a virus with an infectivity defect (Additional file 2C). 
To confirm the bona fide origin and functionality of 
in vitro assembled HIV-1 CA-NC complexes tubes bear- 
ing capsid mutants P90A, G89V and N57S, we tested the 
binding of cleavage and polyadenylation specific factor 6 
(CPSF6) to the different capsid mutants. CPSF6 was able 
to bind in vitro assembled HIV-1 CA-NC complexes bear- 
ing changes P90A and G89V, but not N57S (Additional 
file 2D). In addition, we showed the ability of TRIM5arh 
to bind in vitro assembled HIV-1 CA-NC complexes bear- 
ing the change N57S (Additional file 2D). 

Furthermore, we performed electron microscopy to 
show that the in vitro assembled HIV-1 CA-NC mutants 
form similar tubular structures when compared to wild 
type (Additional file 2E). 

Next we tested whether MxA, which is the closest hu- 
man homolog to MxB that contains antiviral activity [2], 
binds to in vitro assembled HIV-1 CA-NC complexes. 
MxB is composed of the same domains when compared 
to MxA with the exception that MxB exhibits a longer 
N-terminal domain (Figure IC, bottom panel) [5]. Inter- 
estingly, MxA was not able to interact with in vitro as- 
sembled HIV-1 CA-NC complexes when compared to 
MxB (Figure IC, upper left panel). In agreement, MxA 
was not able to block HIV-1 infection when compared to 
MxB (Figure IC, upper right panel) [8]. Next we tested 
the capsid binding ability of a protein chimera containing 
residues 1-90 of MxB fused to residues 43-662 of MxA 
[MxB (l-90)-MxA (43-662)]. Contrary to MxA, the pro- 
tein chimera MxB (l-90)-MxA (43-662) gained the abil- 
ity to bind in vitro assembled HIV-1 CA-NC complexes 
(Figure IC, left panel). These results suggested that the 
N-terminal region of MxB is involved in its ability to bind 
capsid. In addition, MxB (l-90)-MxA (43-662) gained the 
ability to block HIV-1 infection (Figure IC, right panel). 
Furthermore, these results correlated the ability of MxB to 
bind capsid with HIV-1 restriction. 
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Figure 1 MxB binds in vitro assembled HIV-1 CA-NC complexes. (A) The ability of MxB to bind in vitro assembled HIV-1 CA-NC complexes 
was measured as described in Methods. Input and Bound fractions were analyzed by Western blotting using anti-HA or anti-p24 antibodies. 
Similar results were obtained in three independent experiments, and the standard deviation for the bound fraction relative to input is shown. 
(B) The ability of MxB to bind in vitro assembled HIV-1 CA-NC complexes' bearing the capsid changes P90A, G89V and N57S was measured as 
described above. Similar results were obtained in three independent experiments. (C) The ability of MxA, MxB and the protein chimera MxB 
(1-90)-MxA (43-662) to bind in vitro assembled HIV-1 CA-NC were measured as described above (left panel). Cf2Th cells stably expressing MxA, 
MxB, or MxB (l-90)-MxA (43-662) were challenged with increasing amounts of HIV-1 -GFP viruses. Infection was determined by measuring the 
percentage of GFP-positive cells (right panel). MxA, MxB and MxB (l-90)-MxA (43-662) proteins are depicted (lower panel). Similar results were 
obtained in three independent experiments. NLS: nuclear localization signal. B: comprises the bundle signaling element. G: contains a GTPase 
domain. Stalk: domain that mediates assembly into oligomers. (D) Increased HIV-1 capsid colocalization with MxB upon infection. CF2Th cells 
stably expressing MxB, MxB-A(l-20), or containing the empty vector LPCX, were spinoculated with VSV-G pseudotyped R7AEnv virions for 2 h. 
Cells were fixed 3 and 6 hours post-infection. Colocalization of MxB with HIV capsid (p24) is shown 6 hours post infection. The percentage of p24 
associated with MxB was quantified by counting the number of p24 positive virions, which are positive for MxB is shown. Between 20-25 images 
were analyzed per condition using the Imaris Software as described in Methods. Bafilomycin Al (Bafl). Data is representative of 3 independent 
experiments. **, P <0.05. 



Next we measured the ability of HIV-1 cores to colocal- 
ize with MxB in living cells using fluorescence microscopy 
over time, as described [30]. For this purpose, we infected 
CfZTh cells stably expressing MxB with VSV-G pseudo- 
typed R7AEnv HIV-1 viruses in the presence or absence of 
Bafilomycin Al, which inhibits the entry of pH-dependent 
viruses [31]. At 6 hours post- infection, samples were fixed 
and MxB colocalization with HIV-1 cores was quantified 



(Figure ID). The percentage of p24 that colocalizes with 
MxB was calculated as the number of p24 positive virions 
that are associated with MxB as described in Methods 
(Figure ID, lower panel). As a control, we performed simi- 
lar experiments in cells expressing MxB-A(l-20), which 
is a deletion mutant that no longer binds capsid or re- 
strict HIV-1 (see below). Colocalization between MxB-A 
(1-20) and p24 was not observed. These results showed 
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an increase in p24 colocalization with MxB over time sug- 
gesting that MxB directly associates with HIV-1 cores in 
living cells. 

In agreement with the fact that MxB modestly blocks 
SIVmac and HIV-2 infection (Additional file IC), we 
found that MxB binds to in vitro assembled SIVmac and 
HIV-2 CA-NC complexes (Additional file ID). 

Overall, these results showed that MxB binds to HIV-1 
capsid, and that binding to capsid is necessary for the ability 
of MxB to block HIV-1 infection. By the use of the protein 
chimera MxB (l-90)-MxA (43-662), we have correlated 
binding with restriction. Additionally, we showed that the 
N-terminal 90 amino acids of MxB are important for the 
ability of MxB to bind the HIV-1 capsid and restriction of 
HIV-1 infection. 

MxB binds to the HIV-1 core and inhibits the uncoating 
process during infection 

To investigate whether MxB interacts with the HIV-1 
core during infection, we performed the fate of the capsid 
assay to follow the protein composition of HIV-1 cores 
during infection. The fate of the capsid assay examines the 
uncoating process of HIV-1 and measures the amount of 
soluble versus pelletable capsids (HIV-1 cores) during in- 
fection in living cells, as described [25,28,32]. Input, soluble 
and pellet fractions were analyzed by Western blotting 
using antibodies against p24. Pellet fractions were also an- 
alyzed for the presence of MxB by Western blotting using 
anti-FLAG antibodies. As shown in Figure 2A (left panel), 
MxB is present on HIV-1 cores isolated from HIV-1 in- 
fected Cf2Th cells stably expressing MxB. As a control, 
we observed the absence of MxB in pelletable fractions 
prepared from uninfected control cells (Figure 2A, right 
panel). These results suggested that MxB interacts with 
the HIV-1 core during infection. Remarkably, we noticed 
an increase in the amount of pelletable capsid when com- 
paring cells stably expressing MxB with cells containing 
the empty vector LPCX (Figure 2 A, left panel). These ex- 
periments suggested that MxB inhibits the uncoating 
process of HIV-1. In parallel, we performed the fate of the 
capsid in cells stably expressing TRIMSarh, which acceler- 
ates uncoating (Figure 2A) [25,32]. 

Consequently, we tested the ability of MxB to inhibit the 
uncoating process of HIV-1 mutants that partially over- 
come restriction. For this purpose, we challenged Cf2Th 
cells stably expressing MxB or containing the empty vector 
LPCX with similar amounts of HIV-1-P90A, HIV-1-G89V 
or HIV-1-N57S viruses (Figure 2B), which partially es- 
cape MxB restriction [8,21,22]. MxB only minimally 
inhibits the uncoating process of HIV-1 viruses bear- 
ing capsid changes P90A, G89V and N57S (Figure 2B). 
Accordingly, MxB partially affected the infection of 
HIV-1-P90A, HIV-1-G89V and HIV-1-N57S viruses. 
In agreement with our binding assays, we also observed 



that HIV-1 cores bearing the different capsid mutations 
were able to recruit MxB. 

We and others have previously observed that cells ex- 
pressing the CPSF6 protein fused to a nuclear export 
signal (NES-CPSF6) inhibits the uncoating process of 
HIV-1 [33,34]; therefore, we compared the abilities of 
MxB and NES-CPSF6 to inhibit the uncoating process of 
HIV-1. As shown in Figure 2C, MxB is as potent as NES- 
CPSF6 in inhibiting the uncoating process of HIV-1. As 
expected, MxB, NES-CPSF6 and TRIMSarh potently re- 
stricted HIV-1 infection (Additional file 2F). 

Next we tested the ability of IFN-a-treated human 
HT1080 cells to inhibit the uncoating process of HIV-1. 
For this purpose, we challenged human HT1080 cells that 
were treated or not with IFN-a with similar amounts of 
HIV-l-GFP and performed the fate of the capsid assay. As 
shown in Figure 2D, IFN-a-treated HT1080 cells inhibit 
the uncoating process of HIV-1. These findings suggested 
that IFN-a-treated HT1080 cells prevent the uncoating 
process of HIV-1, which could be mediated by any of 
the IFN-a inducible genes. In agreement with our previ- 
ous findings, endogenously expressed MxB co-sedimented 
with pelletable capsids suggesting that endogenously 
expressed MxB interacts with the HIV-1 core in living 
cells. As expected, IFN-a-treated human HT1080 expressed 
endogenous MxB and potently blocked HIV-1 infection 
(Figure 2D, right panels). 

Subsequently, we tested whether MxB is able to retain 
HIV-1 cores in the cytoplasm of infected living cells by 
fluorescence microscopy. For this purpose, we challenged 
Cf2Th cells stably expressing MxB, MxB-A(l-20), or con- 
taining the empty vector LPCX, with dually labeled HIV-1 
particles containing Vpr-GFP and the S15-mCherry, as de- 
scribed [30] . Infected cells were fixed at the indicated time 
points, and the number of fused virions (S15-mCherry 
negative particles) was counted in 10 different visual fields. 
As shown on Figure 2E, infected Cf2Th cells express- 
ing MxB allowed the accumulation of viral cores over 
time when compared to infected Cf2Th stably cells 
expressing MxB-A(l-20) or containing the empty vec- 
tor LPCX. These results suggested that expression of 
MxB allows the accumulation of HIV-1 cores in the 
cytoplasm over time. 

Tlie interaction between MxB and the HIV-1 core is 
prevented by a benzimidazole-based inhibitor that 
binds to a specific pocket in the HIV-1 capsid 

To better understand the binding of MxB to the HIV-1 
core, we tested the ability of a battery of small molecules 
that target capsid to prevent the binding of MxB to 
in vitro assembled HIV-1 CA-NC complexes [35]. For this 
purpose, we examined the binding of MxB to in vitro 
assembled HIV-1 CA-NC complexes in the presence 
of small-molecules that target HIV-1 capsid. In these 
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Figure 2 MxB binds to the HIV-1 core and inhibits the uncoating process of HIV-1 during infection. (A) Cf2Th cells stably expressing 
FLAG-tagged MxB (MxB-FLAG), TRiMSa^h or containing tlie empty vector LPCX were challenged using similar amounts of HIV-1. Sixteen hours 
post-infection samples were processed for the fate of the capsid assay as described in IVlethods. Input, soluble and pellet fractions were analyzed 
by Western blotting using anti-p24 antibodies (left panel). The binding of MxB to the viral core was assayed by Western blotting using anti-FLAG 
antibodies (left panel). The quantification of pelletable fractions relative to the pellet found when infecting cells containing the LPCX control 
vector by wild type HIV-1 was calculated for each experiment. Similar results were obtained in three independent experiments, and the standard 
deviations are shown. To control for the presence of MxB-FLAG in pelletable fractions when using mock-infected cells, Cf2Th cells stably expressing 
MxB-FLAG were challenged with HIV-1 or not, and processed for the fate of the capsid assay (right panel). Input and pellet fractions were analyzed by 
Western blotting using anti-p24 and anti-FI.7\G antibodies. Similar results were obtained in three independent experiments and a representative 
experiment is shown. (B) Cf2Th cells stably expressing MxB or stably transduced with the empty vector LPCX were challenged using similar 
amounts of HIV-1-P90A (left panel), HIV-1-G89V (middle panel) or HIV-1-N57S (right panel). Sixteen hours post-infection samples were processed for the 
fate of the capsid assay. Input, soluble and pellet fractions were analyzed by Western blotting using anti-p24 antibodies. The quantification of pelletable 
fractions relative to the pellet found when infecting cells containing the LPCX control vector by wild type HIV-1 was calculated for each experiment 
Similar results were obtained in three independent experiments, and the standard deviations are shown. (C) Cf2Th cells stably expressing MxB, 
NES-CPSF6, TRIMSOrh or containing the empty vector LPCX were challenged using similar amounts of HIV-1. Sixteen hours post-infection samples were 
processed for the fate of the capsid assay. Input, soluble and pellet fractions were analyzed by Western blotting using anti-p24 antibodies. Similar 
results were obtained in three independent experiments, and the standard deviation for pelletable fractions relative to the pellet found in cells 
containing the empty vector LPCX are shown. (D) IFN-a-treated (lOOOU/ml for 24 hours) or untreated Human HT1080 cells were challenged using 
similar amounts of HIV-1. Sixteen hours post-infection samples were processed for the fate of the capsid assay (left panel). Quantification of pelletable 
fractions relative to the pellet found when infecting untreated HT1080 cells by wild type HIV-1 was calculated for each experiment Similar results were 
obtained in three independent experiments, and the standard deviations are shown. Induction of MxB expression in human HT1080 cells by the 
indicated amounts of IFN-a after 24 hours of exposure is shown (upper right panel). The ability of IFN-a-treated HT1080 cells to block HIV-1 infection is 
shown (bottom right panel). (E) MxB causes retention of HIV virions in the cytoplasm. Cf2Th cells stably expressing MxB, MxB-A(l-20), or containing 
the empty vector LPCX, were spinoculated with fluorescently labeled HIV-1 virions for 2 h. HIV-1 viruses were fluorescentiy labeled with Vpr-GFP 
(label the inside of the virus) and the S15-mCherry (labels the lipid membrane of the virus). Cells were fixed and analyzed 3 and 6 hours post-infection. 
The total number of fused viruses (SI 5-mCherry negative particles) is shown, as determined by counting 1 0 fields using the Imaris software. On the left 
panel, the relative number of fused virions normalized to input viruses overtime are shown. On the right panel, the percentage of total fused virions 
retained in the cytoplasm overtime is shown. Results are representative of 3 independent experiments. ***, P <0.001 and **, P <0.05, as compared with 
respective controls. 



experiments, we used PF74 [35-37], BI-2 [35,38], CAP-1 
[35,39,40], 4-{2-[3-(3-chlorophenyl)-lH-pyrazol-4-yl]- 
l-[3-(lH-imidazol-l-yl) propyl] -lH-benzimidazol-5-yl} 
benzoic acid dihydrochloride (CPIPB) [41,42], and the 
peptide CAI [35,43]. Interestingly, only CPIPB inhibited 
the ability of MxB to bind in vitro assembled HIV-1 CA- 
NC complexes (Figure 3A, upper left panel). As a control, 
we tested the ability of these compounds to block the 
binding of CPSF6, TRIM5arh and TRIMCyp to in vitro as- 
sembled HIV-1 CA-NC complexes (Figure 3A). As ex- 
pected, the drugs PF74 and BI-2 affected the ability of 
CPSF6 to bind capsid due to the fact that PF74, BI-2 and 
CPSF6 bind to similar regions on the HIV-1 capsid 
(Figure 3A) [33,44]. Similarly, the binding of TRIMCyp 
to capsid was only affected by cyclosporine A (CsA), 
which is an inhibitor of cyclophilin A (Cyp A) (Figure 3A). 
To further understand the ability of CPIPB to prevent the 
binding of MxB to in vitro assembled HIV-1 CA-NC com- 
plexes, we performed a dose-response curve for the 
different drugs (Figure 3B). We observed that using 
CPIPB at 200 |iM completely inhibited the binding of 
MxB to capsid. As a control, we showed that the use of 
BI-2, CAP-1 or PF74 at 200 |iM or higher concentrations 
did not affect the binding of MxB to capsid. These experi- 
ments suggested that the capsid-binding site for MxB 
overlaps with the binding pocket for CPIPB, which is 



located between the base of the Cyp A binding loop and 
the loop that connects helices 6 and 7 of HIV-1 capsid 
(Figure 3C). The fact that the HIV-1 capsid binding site 
for MxB is next to the base of the Cyp A binding loop is 
in agreement with previous observations suggesting that 
CsA partially relieves MxB restriction to HIV-1 and that 
HIV-1-P90A and HIV-1-G89V viruses partially escape 
restriction [8,22]. Although CsA partially relieves MxB 
restriction (Figure), it did not affect the ability of MxB 
to bind in vitro assembled HIV-1 CA-NC complexes 
(Additional file 3B). As a control, we observed that 
CsA relieved TRIMCyp restriction and binding to capsid 
(Additional file 3 A and B). In addition, we tested whether 
MxB recruits Cyp A to the HIV-1 capsid. As shown in 
Additional file 3C, MxB did not increase the amount of 
endogenous Cyp A recruited to the capsid. As a control, 
we showed that the use CsA prevented the binding of 
endogenous Cyp A to the HIV-1 capsid (Additional 
file 3C). Altogether these results suggested that the bind- 
ing of MxB to HIV-1 capsid is specific and can be modu- 
lated by a small-molecule inhibitor. 

Next we tested the ability of CPIPB to release HIV-1 
restriction in mammalian cells expressing MxB. How- 
ever, we could not measure release of restriction since 
we found that CPIPB is highly toxic for mammalian cells 
above 50 |iM. 
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Figure 3 The interaction of MxB with the IHIV-core is inhibited by a small-molecule that binds into a pocket between the bases of the 
Cyp A binding loop and the loop that connects helices 6 and 7 of HIV-1 capsid. (A) The ability of IVlxB-FLAG (upper left panel), CPSF5-FLAG 
(upper riglit panel), TRIIVlSQrh-HA (lower left panel), and TRIMCyp-HA (lower right panel) to bind in vitro assembled HIV-1 CA-NC complexes was 
measured in the presence of the indicated concentration of the small molecules PF74, BI-2, CPIPB (4-{2-[3-{3-clorophenyl)-1H-pyrazol-4-yl]-l-[3- 
(1 H-imidazol-1-yl-propyl]-1 H-benzimidazol-5-yl} benzoic acid), CAP-1 and the peptide CAI, as described in Methods. Similar results were obtained 
in three independent experiments and a representative experiment is shown. (B) The ability of IVIxB to bind in vitro assembled HIV-1 CA-NC 
complexes in the presence of the indicated concentrations of the small molecule CPIPB (upper left panel), BI-2 (upper right panel), CAP-1 (bottom 
left panel) and PF74 (bottom right panel) was measured. Similar results were obtained in three independent experiments and a representative 
experiment is shown. (C) Chemical structure of the small molecule CPIPB is shown (left panel). Surface representation of the X-ray structure of 
the HIV-1 capsid in complex with CPIPB (PDB entry 4E91) (middle panel). Surface representation of the X-ray structure of the HIV-1 CA hexamer 
(PDB entry 3H4E) showing in orange residues that directly interact with CPIPB on the surface of the HIV-1 capsid. 



Contribution of the different protein domains of MxB to 
HIV-1 capsid-binding and restriction 

MxB contains several different protein regions: a nuclear 
localization signal (NLS), G domain, stalk region, and 
a leucine zipper motif (Figure 4A). To understand the 



contribution of the different MxB domains to capsid- 
binding and restriction, we generated a series of deletion 
constructs (Figure 4A and Table 1). Our observations re- 
vealed that deletion of the 20 N-terminal amino acids 
of MxB abolished the ability of the protein to bind 
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Figure 4 Contribution of the different domains of IVlxB to capsid binding and restriction of HIV-1. (A) Wild type liuman MxB protein is 
depicted in the top figure. Tlie numbers of tlie amino acid residues at the boundaries of the MxB domains are indicated. The different MxB 
variants are shown. (B) The ability of wild type and mutant MxB proteins to bind in vitro assembled HIV-1 CA-NC complexes was measured, as 
described in Methods. Similar results were obtained in three independent experiments, and the standard deviation for bound fractions relative to 
input are shown. (C) Cf2Th cells stably expressing wild type and the indicated MxB variant were analyzed by Western blotting using anti-FLAG 
antibodies. As loading control, cell lysates were Western blotted using anti-GAPDH antibodies. (D) Cf2Th cells stably expressing wild type and 
the indicated MxB variants were challenged with increasing amounts of HIV-I viruses expressing GFP as a reporter for infection (HIV-1 -GFP). 
Forty-eight hours post-infection the percentage of GFP-positive cells was determined by flow cytometry. As a control, Cf2Th cells stably 
transduced with the empty vector LPCX were challenged with increasing amounts of HIV-1 -GFP. Similar results were obtained in three 
independent experiments and a representative experiment is shown. 



in vitro assembled HIV-1 CA-NC complexes (Figure 4B, 
Additional file 4 and Table 1). These results are in agree- 
ment with the ability of MxB (l-90)-MxA (43-662) 
to bind capsid, which suggests that the N-terminal resi- 
dues of MxB are involved in its ability to bind HIV-1 cap- 
sid. As shown in Figure 4B, deletion of the C-terminal 
domain of MxB, which contains a leucine zipper, de- 
creased the ability of MxB to bind in vitro assembled 
HIV-1 CA-NC complexes. Next we tested the ability 



of the different MxB variants to block HIV-1 infection. 
For this purpose, we stably expressed the different 
MxB variants in Cf2Th cells (Figure 4C), and chal- 
lenged them using increasing amounts of HIV-l-GFP 
(Figure 4D). Interestingly, N-terminal or C-terminal 
deletions affected the ability of MxB to block HIV-1 
infection. These results suggested that the N-terminal 
and C-terminal domain of MxB are important to 
block HIV-1 infection. 
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Table 1 Phenotypes of MxB variants 



MxB variant 


Restriction 
of HIV-1' 


Binding to HIV-1 
CA-NC Complexes'" 


Oligomerization'^ 


wr 


+ 


+++ 


1 


A (1-20) 


- 


- 


+ 


A (1-43) 


- 


- 


ND 


A (1-60) 


- 


- 


+ 


li { 1 — o4J 






Mn 

INU 


A (1-102) 




ND 


ND 


A (1-387) 


ND 




ND 


A (572-715) 




+ 




A (623-715) 




+ 




413-679 


ND 




ND 


MxB (l-90)-MxA 
(43-662) 


+ 


+++ 


ND 


L661k 




+ 





WT, Wild type. 

ND, Not determined. 

^Restriction was measured by infecting cells expressing the indicated MxB 
variant with HIV-1 -GFP. After 48 hours, the percentage of GFP-positive cells 
(infected cells) was determined by flow cytometry. "+": indicates restriction, 
"-": indicates absence of restriction. ND: Not Determined. 
"^Binding to the HIV-1 capsid complexes was determined for each MxB variant 
as described in Methods. "+++": indicates 100% binding which corresponds to the 
amount of wild type MxB bound to HIV-1 CA-NC complexes, "+": indicates -10% 
binding compared to wild type MxB when expressed at similar levels, "-": 
indicates no binding. Experiments were repeated at least three times, and 
standard deviations are shown in Figure legends. 

'^Wild type and mutant MxB-FLAG proteins were assayed for association with 
wild-type MxB-HA as described in Methods. oligomerization observed in 
wild-type MxB when expressed at similar levels. ND: Not Determined. 

Contribution of oligomerization to the ability of MxB to 
bind to the HIV-1 core 

To examine the contribution of oligomerization to the 
abiUty of MxB to bind capsid and restrict HIV-1, we 
tested the oligomerization ability of the different MxB 
variants. We evaluated the biochemical ability of MxB 
containing a FLAG tag (MxB-FLAG) to interact with 
MxB containing an HA tag (MxB-HA). For this purpose, 
we cotransfected cells using similar amounts of both 
MxB-FLAG and MxB-HA constructs. Cells were lysed, 
and MxB-FLAG was immunoprecipitated by using anti- 
FLAG beads, as described in Methods. Proteins eluted 
by the FLAG peptide were analyzed by Western blotting 
using anti-HA and anti-FLAG antibodies (Figure 5A). In 
agreement with the notion that MxB forms oligomers, 
MxB-FLAG interacts with MxB-HA (Figure 5A). These 
results showed that MxB forms oligomers when expressed 
in mammalian cells, as it has been shown using the same 
methodology for MxA [11]. Next we measured the ability 
of the different MxB-FLAG variants to oligomerize with 
MxB-HA (Figure 5B). After testing all the variants that 
exhibited comparable expression to wild type MxB, we 
found that only MxB variants A(572-715) and A(623-715) 
lost their ability to oligomerize (Figure 5B and Table 1), 



suggesting that the C-terminal residues of MxB are in- 
volved in oligomerization. These results are in agreement 
with the presence of a leucine zipper motif in the C- 
terminal region of MxB (Figure 4A); this leucine zipper has 
been postulated to be important for the oligomerization 
ability of MxA [45,46]. Therefore, we disrupted the leucine 
zipper of MxB by a changing a single amino (L661K). Dis- 
ruption of the leucine zipper by a single point mutation 
disrupted the ability of MxB to oligomerize (Figure 5C). In 
agreement with our deletion experiments, MxB-L661K 
neither bound in vitro assembled HIV-1 CA-NC com- 
plexes nor restricted HIV-1 infection (Figure 5D and E). 
These results suggested that oligomerization provides the 
necessary avidity for MxB to bind HIV-1 capsid and is re- 
quired for restriction (Table 1). 

Discussion 

The present work explores the ability of MxB to bind to 
the HIV-1 core, and the contribution of binding to HIV-1 
restriction. Our findings provided novel insights into the 
mechanism used by MxB to block HIV-1 infection: 1) MxB 
binds to the HIV-1 capsid, 2) MxB colocalizes with HIV-1 
cores in infected cells as determined by fluorescence mi- 
croscopy, 3) MxB is associated biochemically with pelleta- 
ble cores during infection, 4) MxB inhibits the uncoating 
process of HIV-1 during infection as measured by the fate 
of the capsid assay and a microscopy-based assay, 5) the 
small-molecule inhibitor CPIPB, which binds into a pocket 
between the bases of the Cyp A binding loop and the loop 
that connects helices 6 and 7 of HIV-1 capsid (Figure 3C) 
[41,42], interfered with the ability of MxB to bind HIV-1 
capsid, 6) domain mapping experiments and the use of a 
protein chimera showed that capsid binding correlates with 
restriction, and 6) disruption of MxB's leucine zipper motif 
abrogated the abUity of MxB to oligomerize, to bind capsid 
and to block HIV-1 infection. 

We tested the ability of MxB to bind in vitro assembled 
HIV-1 CA-NC complexes, and showed that MxB binds to 
the HIV-1 capsid in a similar manner when compared to 
the restriction factor TRIM5arh [25,29]. The testing of 
MxB binding to capsid mutants P90A, G89V and N57S 
revealed that binding is necessary but not sufficient for re- 
striction. By using the fate of the capsid assay, we also 
showed that MxB is contained in pelletable fractions sug- 
gesting that MxB associates with the HIV-1 core during 
infection. In agreement, fluorescence microscopy experi- 
ments showed that colocalization of HIV-1 cores with 
MxB increased over time in infected cells suggesting that 
MxB associates with the HIV-1 core. 

We also compared the capsid-binding abilities of MxB 
with MxA, which does not restrict HIV-1 infection [6,8]. 
Our experiments showed that MxA does not bind in vitro 
assembled HIV-1 CA-NC complexes. MxA and MxB ex- 
hibit similar sequences and domains suggesting analogous 
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Figure 5 Contribution of ollgomerizatlon to the binding of MxB to the HIV-1 core. (A) MxB oligomerization assay. Human 293T cells were 
cotransfected with plasmids expressing wild type MxB-HA and MxB-FLAG proteins. Cells were lysed 24 hours post-transfection and analyzed by 
Western blotting using anti-HA and anti-FLAG antibodies (Input). Subsequently, lysates were immunoprecipitated by using anti-FLAG agarose 
beads, as described in Methods. Anti-FLAG agarose beads were eluted using the 3X FLAG peptide. Elutions were analyzed by Western blotting 
using anti-HA and anti-FLAG antibodies (Immunoprecipitation). WB, Western blot; IP, Immunoprecipitation; WT, wild type. (B) Oligomerization of 
MxB variants. Human 293T cells were cotransfected with a plasmid expressing wild type MxB-HA and a plasmid either expressing wild type or the 
indicated mutant MxB-FLAG protein. Similarly, FLAG-tagged proteins were immunoprecipitated, and elutions were analyzed by Western blotting 
using anti-HA and anti-FLAG antibodies. (C) Oligomerization of the MxB's leucine zipper domain mutant L661K. Human 293T cells were cotransfected 
with a plasmid expressing wild type MxB-HA and a plasmid either expressing wild type or the mutant MxB-L661 K-FLAG protein. Similarly, FLAG-tagged 
proteins were immunoprecipitated, and elutions were analyzed by Western blotting using anti-HA and anti-FLAG antibodies. (D) The ability of 
MxB-L561 K-FLAG to bind in vitro assembled HIV-I CA-NC complexes was measured, as described Methods. (E) Cf2Th cells stably expressing wild 
type or the indicated mutant MxB protein (upper panel) were challenged with increasing amounts of HIV-1-GFP. Forty-eight hours post-infection the 
percentage of GFP-positive cells was measured by flow cytometry (lower panel). As a control, Cf2Th cells stably transduced with the empty vector 
LPCX were challenged with HIV-1 . Similar results were obtained in three independent experiments and a representative experiment is shown. 



functions [1,11-14]. Interestingly, the difference between 
MxA and MxB is that the latter contains an additional 
60 amino acids on the N-terminal end, which might 
be directly involved in the binding of MxB to capsid. 



In agreement with this hypothesis, we showed that the 
protein chimera MxB (l-90)-MxA (43-662) gains the 
ability to bind HIV-1 capsid and to restrict HIV-1 
when compared to MxA. These results suggested that 
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the N-terminal residues of MxB are involved in the 
ability of MxB to bind capsid and restrict HIV-1. 

This work shows that MxB inhibits the HIV-1 uncoat- 
ing process during infection. Using the fate of the capsid 
assay, which analyses the HIV-1 uncoating process dur- 
ing infection [25,28,47], we showed that MxB stabilizes 
the HIV-1 core during infection. In agreement with 
these observations, we also showed that MxB facilitates 
the accumulation of HIV-1 cores over time by fluores- 
cence microscopy in living cells. Overall our results 
showed that the IFN-a inducible MxB protein is a natur- 
ally expressed protein that inhibits the uncoating process 
of HIV-1. 

To explore MxB's binding site on the surface of the 
HIV-1 capsid, we tested a battery of capsid inhibitors 
that are well studied with respect to their binding sites 
on the HIV-1 capsid protein. From these investigations, 
we found that the compound CPIPB was able to com- 
pete with MxB for binding to capsid suggesting that the 
binding pocket of CPIPB overlaps with the binding site 
for MxB [41,42]. The binding pocket for CPIPB is lo- 
cated between the base of the Cyp A binding loop and 
the loop that connects helices 6 and 7 of HIV-1 capsid 
(Figure 3C). Remarkably, CPIPB binding to capsid facili- 
tates crystallization of capsid by decreasing the mobility 
of the Cyp A binding loop and the loop that connects 
helices 6 and 7 of HIV-1 capsid [41,42]. In agreement, 
the binding of MxB to the HIV-1 capsid stabilizes the 
HIV-1 core suggesting that this particular capsid region 
modulates stability of the HIV-1 core. 

Domain mapping studies showed that the 20 N- 
terminal amino acids are essential for the ability of MxB 
to bind HIV-1 capsid and restrict infection. Although 



MxB-A(l-20) did not bind capsid or restrict HIV-1, it 
retained its oligomerization ability. These experiments 
suggested that the N-terminal domain is important for the 
ability of MxB to restrict HIV-1 infection. Future experi- 
ments destined to understand the structure of this region 
will shed light on the domain used by MxB to interact 
with the HIV-1 core. 

Finally, we established that MxB's oligomerization by 
its leucine zipper domain is important for its ability to 
bind capsid and restrict infection. Deletion and point 
mutations of MxB's leucine zipper motif suggested that 
oligomerization contributes to MxB's binding avidity for 
the HIV-1 core. 

Overall our investigations suggested a model in which 
MxB encounters the HIV-1 core in the cytoplasm of the 
cell and prevents the uncoating process of HIV-1 (Figure 6). 
Our current understanding of uncoating suggests that 
HIV-1 reverse transcription occurs before or during the 
uncoating process of HIV-1 [25,47-50]. Interestingly, in- 
hibition of uncoating by the use of proteasome inhibitors 
augments the occurrence of reverse transcription suggest- 
ing that reverse transcription can occur inside the HIV-1 
core [23,32]. Similarly, inhibition of HIV-1 uncoating by 
NES-CPSF6 allows the occurrence of reverse transcription 
[33,34,51]. Therefore, it is feasible to propose that when 
MxB inhibits the uncoating process of HIV-1; it allows the 
occurrence of reverse transcription inside the HIV-1 core 
and traps the viral DNA. Trapping the viral DNA inside 
the core may prevent the transport of the viral DNA into 
the nucleus, in agreement with a block before nuclear 
import [21,22]. Similarly, the uncoating inhibitor NES- 
CPSF6 blocks HIV-1 replication before nuclear import 
[33,34,51]. An alternative possibility is that a block to 
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Figure 6 MxB binds to the HIV-1 core and prevents the uncoating process of HIV-1. 
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nuclear import will promote the accumulation of HIV-1 
cores in the cytosol resulting in an inhibition of the uncoat- 
ing process of HIV-1. 

Conclusions 

Overall, our work showed that MxB binds to the HIV-1 
core and prevents the uncoating process of HIV-1. In 
addition, we demonstrated that MxB requires capsid bind- 
ing and oligomerization for restriction. 

Methods 

Protocols for each methodology used in this manuscript 
are explained in detail in Additional file 5. 

Infection with viruses expressing green fluorescent 
protein (GFP) 

Recombinant HIV-1 expressing GFP was prepared as 
described [23]. Recombinant viruses were pseudotyped 
with the VSV-G glycoprotein. For infections, 3 x 10* 
HeLa, U937 or Cf2Th cells seeded in 24-well plates 
were incubated at 37°C with virus for 24 h. Cells were 
washed and returned to culture for 48 h, and then 
GFP-positive cells were analyzed using a flow cytometer 
(Becton Dickinson). 

Binding of MxB variants to in vitro assembled HIV-1 
capsid-nucleocapsid (CA-NC) complexes 

The binding of different proteins to in vitro assembled 
HIV-1 CA-NC complexes that do or do not contain capsid 
changes was carried out as previously described [24,25]. In- 
put and bound fractions were analyzed by Western blot- 
ting using the indicated antibodies. 

Fate of the capsid assay 

The fate of the capsid assay was performed as previously 
described [25,28,29]. Cells infected for 16 hours were 
lysed using 15 strokes in a 7.0 ml Bounce homogenizer 
with pestle B. Cellular debris was cleared by centrifuga- 
tion for 3 minutes at 3000 rpm. The cleared lysate was 
layered onto a 50% sucrose (weight: volume) cushion in 
Ix PBS and centrifuged at 125,000 x g for 2 hours at 4°C 
in a Beckman SW41 rotor. Input, soluble and pellet frac- 
tions were analyzed by Western blotting using the indi- 
cated antibodies. 

Creation of cells stably expressing wild type and mutant 
IV\xB proteins 

Cell lines stably expressing wild type or mucbltant MxB 
proteins were created using the LPCX vector system 
(Clontech), as previously described [25,29,52]. The MxB 
proteins contained either an influenza hemagglutinin (HA) 
epitope tag or a FLAG epitope tag at the C terminus. 



IVIxB oligomerization assay 

The ability of MxB to oligomerize was determined by 
measuring the interaction of an MxB-FLAG protein with 
an MxB-HA protein. Immunoprecipitates were analyzed 
by Western blotting using either anti-HA or anti-FLAG 
antibodies (Sigma). 

Additional files 



Additional file 1: Restriction of IHIV-1 and other viruses by IVIxB. 

(A) HeLa cells stably expressing MxB (bottom panel) were challenged 
using increasing amounts of HiV-l-GFP. Forty-eight hours post-infection 
the percentage of GFP-positive cells was determined by flow cytometry. 
As a control, HeLa cells stably transduced with the empty vector LPCX 
were challenged with HIV-1. Similar results were obtained in three 
independent experiments and a representative experiment is shown. 

(B) U937 cells stably expressing MxB (bottom panel) were challenged 
with HIV-1 -GFP and SIVmac-GFP. Forty-eight hours post-infection the 
percentage of GFP-positive cells was determined by flow cytometry. 
As a control, U937 cells stably transduced with the empty vector LPCX 
were challenged with HIV-l-GFP. Similar results were obtained in three 
independent experiments and a representative experiment is shown. 

(C) Cf2Th cells stably expressing MxB (bottom panel) were challenged 
with HIV-l-GFP, HIV-2-GFP, SIVmac-GFP, BIV-GFP, FIV-GFP, EAIV-GFP, 
N-MLV-GFP and BMLV- GFP. Forty-eight hours post-infection the percentage 
of GFP-positive ceils was determined by flow cytometry. As a control, Cf2Th 
cells stably transduced with the empty vector LPCX were challenged with 
the indicated viruses. Similar results were obtained in three independent 
experiments and a representative experiment is shown. (D) The ability of 
MxB to bind in vitro assembled SIVmac (left panel) or HIV-2 (right panel) 
CA-NC complexes was measured, as described in experimental procedures. 
Bound fractions were analyzed using anti-HA, anti-p27 and anti-HIV-2-p24 
antibodies. Similar results were obtained in three independent experiments 
and a representative experiment is shown. 

Additional file 2: Restriction of HIV-1 Infection by MxB. (A) Cf2Th 
cells stably expressing MxB orTRIM5a,h were challenged with increasing 
amounts of HIV-l-GFP. Forty-eight hours post-infection the percentage of 
GFP-positive cells was determined by flow cytometry. As a control, Cf2Th 
cells stably transduced with the empty vector LPCX were challenged with 
HIV-l-GFP. (B) Cf2Th cells stably expressing MxB were challenged with 
increasing amounts of HIV-1 , HIV-1-P90A, HIV-1-G89V or HIV-1-N57S 
expressing GFP as a reporter of infection. As a control, Cf2Th cells stably 
transduced with the empty vector LPCX were challenged with HIV-l-GFP. 
(C) Infectious units (lU) per ng of reverse transcriptase (RT) were measured 
for HIV-1, HIV-1-P90A, HIV- 1-G89V and HIV-1-N57S. (D) The ability of CPSF6- 
FLAG to bind in vitro assembled HIV-1 CA-NC complexes bearing capsid 
changes P90A, G89V and N57S was measured as described in experimental 
procedures. As expected, CPSF5 binds in vitro assembled HIV-1 CA-NC 
complexes bearing changes P90A and G89V when compared to wild type 
(left panel). In agreement with findings suggesting that N57 is in the capsid 
region that interacts with CPSF6, we showed that CPSF6 poorly binds 
in vitro assembled HIV-1 CA-NC complexes bearing the change N57S (left 
panel). At the same time, the ability of TRIM5a,h to bind in vitro assembled 
HIV-1 CA-NC complexes bearing the change N57S was tested (right panel). 
(E) In vitro assembled HIV-1 CA-NC complexes bearing the capsid changes 
P90A, G89V and N57S were negatively stained and analyzed by transmission 
electron microscopy. Representative fields are shown, and the scale bar 
corresponds to 100 nm. (F) Cf2Th cells stably expressing MxB, NFS-CPSF6 
or TRIMSarh were challenged with increasing amounts of HIV-l-GFP. 
Forty-eight hours postinfection the percentage of GFP-positive cells was 
determined by flow cytometry. As a control, Cf2Th cells stably transduced 
with the empty vector LPCX were challenged with HIV-l-GFP. 

Additional file 3: Role of Cyclophilin A in MxB restriction. (A) Cf2Th 
cells stably expressing MxB orTRIMCyp were challenged with increasing 
amounts of HIV-l-GFP in the presence of 10 (jM cyclosporine A (CsA). 
Forty-eight hours post-infection the percentage of GFP-positive cells was 
determined by flow cytometry. As a control, Cf2Th cells stably transduced 
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with the empty vector LPCX were challenged with HIV-1-GFP. Similar 
results were obtained in three independent experiments and a representative 
experiment is shown. (B) The ability of MxB and TRlMCyp to bind in vitro 
assembled HIV-1 CANC complexes in the presence of 10 [xM CsA was 
measured, as described in Experimental Procedures. Similar results 
were obtained in three independent experiments and a representative 
experiment is shown. (C) The ability of MxB to recruit endogenously 
expressed cyclophilin A to in vitro assembled HIV-1 CA-NC complexes was 
measured by performing a capsid binding assay, as describe in experimental 
procedures. Input and Bound fractions were analyzed by Western blotting 
using antibodies against FLAG, cyclophilin A and p24. Similar results were 
obtained in three independent experiments and a representative 
experiment is shown. 

Additional file 4: Binding of MxB variants to in vitro assembled 
HIV-1 CANC complexes. The ability of wild type and mutant MxB 
proteins to bind in vitro assembled HIV-1 CA-NC complexes was measured, 
as described in experimental procedures. Input and bound fractions were 
analyzed by Western blotting using anti-FLAG and anti-p24 antibodies. 
Similar results were obtained in three independent experiments and a 
representative experiment is shown. 

Additional file 5: Detailed explanation of used methodologies. 



Competing interests 

The authors' declare that they have no competing interests. 
Authors' contributions 

TF, JW, BS, DV,EC, ABN and FDG performed experiments. FDG design 
experiments and wrote the manuscript. All authors read and approved the 
final manuscript. 

Acknowledgments 

We would like to thank Dmitri Ivanov for providing reagents and Aime 
Lopez Aguilar for the chemdraw structure. We are thankful to the NIH/AIDS 
repository program for providing valuable reagents such as antibodies and 
drugs. This work was funded by NIH ROl AI087390 and R21 All 02824 grants 
to F.D.-G. 

Author details 

'Department of Microbiology and Immunology, Albert Finstein College of 
Medicine, Bronx, NY 10461, USA. ^Department of Microbiology and 
Immunology, Loyola University, Chicago, IL 60153, USA. ^Albert Finstein 
College of Medicine, 1301 Morris Park - Price Center 501, Bronx, NY 10461, 
USA. 

Received: 25 July 2014 Accepted: 30 July 2014 
Published: 14 August 2014 

References 

1. Mitchell PS, Emerman M, Malik HS: An evolutionary perspective on the 
broad antiviral specificity of MxA. Curr Opin Microbiol 2013, 16:493-499. 

2. Haller 0, Kochs G: Human MxA protein: an interfercn-induced dynamin- 
like GTPase with broad antiviral activity. J interferon Cytoidne Res 201 1, 
31:79-87. 

3. Melen K, Keskinen P, Ronni T, Sareneva T, Lounatmaa K, Julkunen I: Human 
MxB protein, an interfercn-alpha-inducible GTPase, contains a nuclear 
targeting signal and is localized in the heterochromatin region beneath 
the nuclear envelope. J Bioi Chem 1996, 271:23478-23486. 

4 Aebi M, Fah J, Hurt N, Samuel CE Thomis D, Bazzigher L Pavlovic J, Haller 
0, Staeheli P: cDNA structures and regulation of two interferon-induced 
human Mx proteins. Mol Celi Bioi 1989 9:5062-5072. 

5. Haller 0: Dynamins are forever: MxB inhibits HIV-1. Ceii i^ost Microbe 2013, 
14:371-373. 

6. Haller 0, Gao S, Malsburg von der A, Daumke 0, Kochs G: Dynamin-like 
MxA GTPase: structural insights into oligomerization and implications for 
antiviral activity. J Bioi Ciiem 2010, 285:28419-28424. 

7. Faelber K, Gao S, Held M, Posor Y Haucke V, Noe F, Daumke 0: 
Oligomerization of dynamin superfamily proteins in health and disease. 
Prog Moi Biol Transi Sci 201 3, 1 1 7:41 1 -443. 



8. Liu Z, Pan Q, Ding S, Oian J, Xu F Zhou J, Cen S, Guo E, Uang C: The 
interferon-inducible MxB protein inhibits HIV-1 infection. Cell Host 
Microbe 2013, 14:398-410 

9. Morlot S, Roux A: Mechanics of dynamin-mediated membrane fission. 
Annu Rev Biophys 2013, 42:629-649. 

10. McNew JA, Sondermann H, Lee T, Stern M, Brandizzi E: GTP-dependent 
membrane fusion. Annu Rev Cell Dev Biol 2013, 29:529-550. 

11. Gao S, Malsburg von der A, Paeschke S, Behike J, Haller 0, Kochs G, Daumke 
0: Structural basis of oligomerization in the stalk region of dynamin-like 
MxA. Nature 2010, 465:502-506. 

12. Pavlovic J, Zurcher T, Haller 0, Staeheli P: Resistance to influenza virus and 
vesicular stomatitis virus conferred by expression of human MxA 
protein. J Virol 1 990, 64:3370-3375. 

13. Xiao H, KIlip MJ, Staeheli P, Randall RE Jackson D: The human interferon- 
induced MxA protein inhibits early stages of influenza A virus infection 
by retaining the incoming viral genome in the cytoplasm. J Viroi 2013, 
87:13053-13058. 

14 Matzinger SR, Carroll TD, Dutra JC, Ma Z-M, Miller CJ: Myxovirus 
resistance gene A (MxA) expression suppresses influenza A virus 
replication in alpha interferon-treated primate cells. J Viroi 2013, 
87:1150-1158. 

15. Erese M, Kochs G, Meier-Dieter U, Siebler J, Haller 0: Human MxA protein 
inhibits tick-borne Thogoto virus but not Dhori virus. J Viroi 1995, 
69:3904-3909. 

16. Netherton CL Simpson J, Haller 0, Wileman TE Takamatsu H-H, Monaghan 
P, Taylor G: Inhibition of a large double-stranded DNA virus by MxA 
protein. J Virol 2009, 83:2310-2320. 

17. Li N, Zhang L Chen U Feng W, Xu Y Chen E Liu X, Chen Z, Liu W: MxA 
inhibits hepatitis B virus replication by interaction with hepatitis B core 
antigen, i-lepatoiogy 2012, 56:803-81 1. 

18. Kochs G, Janzen C, Hohenberg H, Haller 0: Antivirally active MxA protein 
sequesters La Crosse virus nucleocapsid protein into perinuclear 
complexes. Proc Natl Acad Sci USA 2002, 99:3 1 53-31 58. 

19. Reichelt M, Stertz S, Krijnse-Locker J, Haller 0, Kochs G: Missorting of 
LaCrosse virus nucleocapsid protein by the interferon-induced MxA 
GTPase involves smooth ER membranes. Traffic 2004, 5:772-784. 

20. Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT, Bieniasz P, Rice 
CM: A diverse range of gene products are effectors of the type I 
interferon antiviral response. Nature 201 1, 472:481-485. 

21 . Goujon C, Moncorge 0, Bauby H, Doyle J, Ward CC, Schaller T Hue S, 
Barclay WS, Schuiz R Malim MH: Human MX2 is an interferon-induced 
post-entry inhibitor of HIV-1 infection. Nature 2013, 502:559-562. 

22. Kane M, Yadav SS, Bitzegeio J, Kutluay SB, Zang T Wilson SJ, Schoggins JW, 
Rice CM, Yamashita M, Hatziioannou T, Bieniasz PD: MX2 is an interferon- 
induced inhibitor of HIV-1 infection. Nature 2013, 502:563-566 

23. Diaz-Griffero F, Perron M, McGee-Estrada K, Hanna R, Maillard PV, Trono D, 
Sodroski J: A human TRIMSa B30.2/SPRY domain mutant gains the ability 
to restrict and prematurely uncoat B-tropic murine leukemia virus. 
Virology 2008, 378:233-242. 

24. Lienlaf M, Hayashi E Di Nunzio E Tochio N, Kigawa T, Yokoyama S, 
Diaz-Griffero F: Contribution of E3-Ubiquitin Ligase activity to HIV-1 
restriction by TRIMS rh: structure of the RING domain of TRIMS. J Viroi 
2011, 85:8725-8737 

25. Stremlau M, Perron M, Lee M, Li Y, Song B, Javanbakht H, Diaz-Griffero E 
Anderson DJ, Sundquist Wl, Sodroski J: Specific recognition and 
accelerated uncoating of retroviral capsids by the TRIMSalpha 
restriction factor. Proc Natl Acad Sci USA 2006, 103:5514-5519. 

26. Yang Y, Brandariz-Nuhez A, Fricke T, Ivanov DN, Sarnak Z, Diaz-Griffero E 
Binding of the rhesus TRIMSa PRYSPRY domain to capsid is necessary 
but not sufficient for HIV-1 restriction. Virology 20M, 448:217-228. 

27. Ganser BK, Li S, Klishko VY, Finch JT, Sundquist Wl: Assembly and analysis 
of conical models for the HIV-1 core. Science 1999, 283:80-83. 

28. Yang Y, Luban J, Diaz-Griffero F: The fate of HIV-1 capsid: a biochemical 
assay for HIV-1 uncoating. Methods Mol Biol 2014 1087:29-36. 

29. Diaz-Griffero F, Vandegraaff N, Li Y McGee-Fstrada K, Stremlau M, Welikala S, 
Si Z, Engelman A, Sodroski J: Requirements for capsid-binding and an 
effector function in TRIMCyp-mediated restriction of HIV-1. Virology 2006, 
351:404-419 

30. Campbell FM, Perez 0, Melar M, Hope TJ: Labeling HIV-1 virions with two 
fluorescent proteins allows identification of virions that have productively 
entered the target cell. Virology 2007, 360:286-293. 



Fricke et al. Retrovirology 2014, 1 1:68 
http://www.retrovirology.eom/content/1 1/1/68 



Page 14 of 14 



32. 



33. 



34. 



35. 



36. 



37. 



39. 



40. 



42. 



43. 



44. 



45. 



47. 



49. 



50. 



Diaz-Griffero F, Hoschander SA, Brojatsch J: Endocytosis is a critical step in 

entry of subgroup B avian leulfosis viruses. J Virol 2002, 76:12866-1 2876. 

Diaz-Griffero F, Kar A, Lee M, Stremlau M, Poeschia E, Sodroski J: 

Comparative requirements for the restriction of retrovirus infection by 

TRIMSalpha and TRIIVlCyp. Virology 2007, 369:400-410. 

Fricke T, Valle-Casuso JC, White TE, Brandariz-Nunez A, Bosche WJ, Reszka N, 

Gorelick R, Diaz-Griffero F: The ability of TNP03-depleted cells to inhibit 

HIV-1 infection requires CPSF6. Retrovirology 2013, 10:46. 

De laco A, Santoni F, Vannier A, Guipponi M, Antonarakis S, Luban J: TNP03 

protects HIV-1 replication from CPSF6-mediated capsid stabilization in 

the host cell cytoplasm. Retrovirology 2013, 10:20. 

Fricke T, Brandariz-Nunez A, Wang X, Smith AB, Diaz-Griffero F: Human 

cytosolic extracts stabilize the HIV-1 core. J Virol 2013, 87:10587-10597. 

Blair WS, Pickford C, irving SL, Brown DG, Anderson M, Bazin R, Cao J, 

Ciaramella G, Isaacson J, Jackson L, Hunt R, Kjerrstrom A, Nieman JA, Patick 

AK, Perros M, Scott AD, Whitby K, Wu H, Butler SL: HIV capsid is a tractable 

target for small molecule therapeutic intervention. PLoS Pathog 2010, 

6:el00122O 

Shi J, Zhou J, Shah VB, Aiken C, Whitby K: Small-molecule inhibition of 
human immunodeficiency virus type 1 infection by virus capsid 
destabilization. J Virol 2010, 85:542-549 

Lamorte L, Titolo S, Lemke CT, Goudreau N, Mercier JF, Wardrop E Shah VB, 
Schwedler Von UK, Langelier C, Banik SSR, Aiken C, Sundquist Wl, Mason 
SW: Discovery of novel small-molecule HIV-1 replication inhibitors 
that stabilize capsid complexes. Antimlcrob Agents Chemother 2013, 
57:4622-4631. 

Kelly BN, Kyere S, Kinde I, Tang C, Howard BR, Robinson H, Sundquist Wl, 
Summers MF, Hill CP: Structure of the antiviral assembly inhibitor CAP-1 
complex with the HIV-1 CA protein. J Mol Biol 2007, 373:355-366. 
Tang C, Loeliger E Kinde I, Kyere S, Mayo K, Barklis E, Sun Y, Huang M, 
Summers MF: Antiviral inhibition of the HIV-1 capsid protein. J Mol Biol 
2003, 327:1013-1020. 

Goudreau N, Lemke CT, Faucher A-M, Grand-Maitre C, Goulet S, Lacoste J-E 

Rancourt J, Malenfant E Mercier J-E Titolo S, Mason SW: Novel inhibitor 

binding site discovery on HIV-1 capsid N-terminal domain by NMR and 

X-ray crystallography. ACS Chem Biol 2013, 8:1074-1082. 

Lemke CT, Titolo S, Goudreau N, Faucher A-M, Mason SW, Bonneau P: A 

novel inhibitor-binding site on the HIV-1 capsid N-terminal domain leads 

to improved crystallization via compound-mediated dimerization. 

Acta Crystallogr D Biol Crystallogr 201 3, 69:1 1 1 5-1 1 23. 

Sticht J, Humbert M, Findlow S, Bodem J, Muller B, Dietrich U, Werner J, 

Krausslich HG: A peptide inhibitor of HIV-1 assembly in vitro. Nat Struct 

Mol Biol 2005, 12:671-677. 

Price AJ, Fletcher AJ, Schalier T Elliott T Lee K, KewalRamani VN, Chin JW, 
Towers GJ, James LC: CPSF6 defines a conserved capsid interface that 
modulates HIV-1 replication. PLoS Pathog 2012, 8:el 002896. 
Schumacher B, Staeheli P: Domains mediating intramolecular folding and 
oligomerization of IVlxA GTPase. J Biol Chem 1 998, 273:28365-28370. 
Kochs G, Trost M, Janzen C, Mailer 0: MxA GTPase: oligomerization and 
GTP-dependent interaction with viral RNP target structures. Methods 
1998, 15:255-263. 

Roa A, Hayashi E Yang Y, Lienlaf M, Zhou J, Shi J, Watanabe S, Kigawa T, 
Yokoyama S, Aiken C, Diaz-Griffero F: RING domain mutations uncouple 
TRIMS Restriction of HIV-1 from inhibition of reverse transcription and 
acceleration of uncoating. J Virol 2012, 86:1717-1727. 
Yang Y, Fricke T, Diaz-Griffero F: Inhibition of reverse transcriptase activity 
increases Stability of the HIV-1 core. J Virol 201 2, 87:683-687. 
Arfl V, Lienard J, Nguyen XN, Berger G, Rigal D, Darlix JU Cimarelli A: 
Characterization of the behavior of functional viral genomes during the 
early steps of human immunodeficiency virus type 1 infection. J Virol 
2009, 83:7524-7535. 

Berger G, Durand S, Fargier G, Nguyen X-N, Cordeil S, Bouaziz S, Muriaux D, 
Darlix J-L, Cimarelli A: AP0BEC3A is a specific inhibitor of the early phases 
of HIV-1 infection in myeloid cells. PLoS Pathog 201 1, 7:el002221. 
Lee K, Ambrose Z, Martin TD, Oztop I, Mulky A, Julias JG, Vandegraaff N, 
Baumann JG, Wang R, Yuen W, Takemura T, Shelton K, Taniuchi I, Li Y, 
Sodroski J, Littman DR, Coffin JM, Hughes SH, Unutmaz D, Engelman A, 



KewalRamani VN: Flexible use of nuclear import pathways by HIV-1. 

Cell Host Microbe 2010, 7:221-233. 
52. White TE Brandariz-Nufiez A, Valle-Casuso JC, Amie S, Nguyen LA, Kim B, 
Tuzova M, Diaz-Griffero F: The retroviral restriction ability of SAIV1HD1, 
but not its deoxynucleotide triphosphohydrolase activity, is regulated by 
phosphorylation. Ceil Host Microbe 2013, 13:441-451. 



doi:1 0.1 1 86/sl 2977-01 4-0068-x 

Cite this article as: Fricke ef al: MxB binds to the HIV-1 core and 
prevents the uncoating process of HIV-1. Retrovirology 2014 1 1:68. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.blomedcentral.com/submit 



o 



BioMed Central 



